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Resolving the octant #23 degeneracy by neutrino oscillation experiments * 

Hiroshi Nunokawa a 

a Depart amento de Ffsica, Pontiffcia Universidade Catolica do Rio de Janeiro, C. P. 38071, 22452-970, 
Rio de Janeiro, Brazil 

We discuss how and to what extent the degeneracy associated with #23, if it's not maximal, can be resolved by 
future oscillation experiments which utilize conventional neutrino beam from accelerator and/or reactor neutrinos. 
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1. Introduction 

Physics of neutrinos will soon be entering into 
the era of precision physics. Proposed projects 
such as T2K [3] and NOi'A «4j experiment will be 
able to measure the mixing parameters responsi- 
ble for atmospheric neutrino oscillation, sin 2 2023 
and Am| 3 with a few percent uncertainty. More- 
over, these experiments can probe sin 2 2#i3 down 
to ~ 10~ 2 or smaller. If non-zero 6*13 will be es- 
tablished, the future phases of these experiments 
will be aimed to determine the CP violating phase 
as well as the mass hierarchy |3I4) (see also [5])- 

It has been known that in order to perform 
precise determinations of neutrino mixing param- 
eters including the CP phase and mass hierar- 
chy, one must confront with the problem of so 
called parameter degeneracy. There are 3 types 
of such degeneracy, octant [6], intrinsic [7] and 
sign Am 2 [8] degeneracy. Here we focus only on 
the octant degeneracy, which is decoupled from 
the other ones with a good approximation in our 
experimental set up. We consider only experi- 
ments based on the conventional neutrino beam 
from accelerator and reactor neutrinos. 

Suppose that 623 is different from 7r/4. Dis- 
appearance Vfj, — > v^i experiment can determine 
quite precisely the value of sin 2 20 2 3 with 1% un- 
certainty [3] but this does not allow us to know in 
which octant #23 lives, and leads, at first approx- 
imation, ignoring 6*13, to the following 2 degener- 
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For example, sin 2 #23 = 0.4 or 0.6 (0.45 or 0.55) if 
sin 2 26»23 = 0.96 (0.99). How and to what extent 
this can be resolved is the topics of this talk. 

2. Combining Accelerator and Reactor 

Let us first discuss the possibility to resolve this 
degeneracy by combining accelerator and reactor 
neutrinos [T] , based on the suggestion in [TU| ■ As 
a concrete example, we consider the second phase 
of the T2K experiment [3] with upgraded beam 
power of 4 MW and Hyper-Kamiokande (HK) de- 
tector, and high statistics second generation re- 
actor experiment, e.g. Angra project [5]. We fix 
the mixing parameters relevant for solar neutri- 
nos as Am^ = 8.0 x 10 -5 eV 2 and sin 2 612 — 
0.31, and the atmospheric Am| 3 = 2.5 x 10 -3 
eV 2 . The exposures for accelerator are assumed 
to be 2 (6) years of neutrino (anti-neutrino) run- 
ning with HK whose fiducial volume is 0.54 Mt, 
whereas for the reactor we assume an exposure 
of 10 GW-kt-yr, which is defined as a product of 
reactor power, detector volume and running time. 

In Fig. 1 we show the process of how the oc- 
tant degeneracy can be resolved by combining the 
results from accelerator and reactor. Figs. 1(a) 



and (b) show that by combining the 
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— > v e modes from accelerator, we can get 2 
separated allowed regions where one of them cor- 
responds to the fake solution. Then if we add 
the result of the measurement of #13 form reactor 
experiment, which is shown in Fig. 1(c), we can 
eliminate the fake solution and end up with the 
true one as shown in Fig. 1(d). 
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In appearance model Aml^=2.5 X 10 3 eV z is fixed 




set up can also resolve the octant degeneracy [5] . 
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Figure 1. (a) Region allowed by the disappear- 
ance (2 approximately horizontal bands) and by 
the appearance (the other curved band) acceler- 
ator measurement, (b) The regions that remain 
allowed when results shown in (a) are combined. 

(c) The regions allowed by reactor measurement. 

(d) The regions allowed after combining all the 
results from accelerator and the reactor experi- 
ments. Taken from pQ. 

We show in Fig. 2 the parameter region of 
sin 2 2(?i3 and sin 2 823 where the octant degeneracy 
can be resolved. The degeneracy can be resolved 
for sin 2 28 23 < 0.96 at 2 a CL for sin 2 28 13 > 
0.05 (see upper panel). We confirmed the strong 
dependence of sensitivity on #13 expected in [10| . 

3. Accelerator based 2 detector method 

Next we discuss another possibility based 
on [TT]. In the second phase of T2K experiment 
(HK with 4 MW beam), in order to improve the 
sensitivity to the mass hierarchy determination, it 
was suggested to place the second identical detec- 
tor at Korea with baseline of 1050 km, in addition 
to the one at Kamioka. Here we assume 2 detec- 
tors are not only identical but also receive the 
neutrino beam with the same energy spectrum 
by choosing the same off axis angle (2.5 degree in 
this case). It was shown that this experimental 
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Systematic errors of reactor: 
o-„ = 0.01 
<T» = 0.01 
? cr„ = 0.002 

a„ = 0.002 
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Figure 2. Region of parameters where 823 de- 
generacy can be resolved. Upper (lower) panel 
corresponds to conservative (optimistic) choice of 
the systematic uncertainties. Taken from pQ. 

The idea is to detect the "solar" term defined 
as cos 2 823 sin 2 26'i2(Ato 2 , 1 L / '4E) 2 , which is possi- 
ble if the detector is placed far enough. Since this 
term is proportional to cos 2 823, in principle, one 
can tell in which octant 6*23 lies. In Fig. 3, we 
show the expected number of muon and electron 
events as a function of reconstructed neutrino en- 
ergy at Kamioka and Korea for sin 2 #23 = 0.4 
and 0.6. We observe that at Korea for the elec- 
tron events, appreciable difference exist between 
the data corresponding to these 2 degenerate so- 
lutions, which can tell us the correct octant. 

In Fig. 4 we show the region of parameters 
where the octant degeneracy can be resolved by 
the 2 detector method. Let us note that re- 
solving power (sensitivity) does not depend much 
on the value of $13 which is very different from the 
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Figure 3. Expected number of electron (up- 
per panels) and muon (lower panels) events as 
a function of the reconstructed neutrino energy 
for sin 2 6*23 =0.40 (open circles) and 0.60 (filled 
circles). Taken from [2J. 
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Figure 4. Region of parameters where #23 degen- 
eracy can be resolved. Light gray (dark gray) area 
corresponds to 2 (3) a significance. 0.27 Mton 
detectors both in Kamioka and Korea and 4 years 
running with neutrino beam and another 4 years 
with anti-neutrino beam are assumed. In left 
(right) 2 panels, the sensitivity is defined so that 
the experiment can resolve the octant degeneracy 
for any (half) values of the CP phase 5. Taken 
from g]. 

previous case shown in Fig. 2 where the sensitiv- 



ity is significantly worse (better) when #13 is small 
(large) . We conclude that in this method, the oc- 
tant degeneracy can be resolved for sin 2 26*23 
0.97 at 2 a CL even for very small values of #13. 



4. Summary 

The expected sensitivities by the 2 methods 
we discussed show very different dependence on 
0i 3 . If 6* 13 is larger, close to the present limit, 
the method of combining accelerator and reactor 
would give better sensitivity whereas for smaller 
013, the accelerator based 2 detector methods 
would be better, and therefore, these 2 methods 
are complementary to each other. See Refs. |1I2] 
for details. 
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